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OUMMTARY 


The development of the first printing press, 
electric light, and guided missile depended on the 
solution of two common problems: the finding of metal 
alloys with the desired cheracteristics, and the develop- 


ment of metheds of forming and fabricsting then. 


One of the most cammon and versatile methods of 
forming metals is the machining of them with rigid, 
sharp cutting tools. Although the result, the removal 
of metal, is obvious, the mechanich of metal cutting is 
complex and not thoroughly understood. The adaptation of 
machining to new problems and the deveiogment of the most 
effective and economical use of the cutting tools there- 


fore demands constant and continuing research, 


One of the main requisites for the economical use 
of machine tools is a knowledge of the life of the tool, 
expressed either in length of time or volume of material 
removed before failure or malfunction, which can be expected 
under any specified cutting conditions. With a knowledge 
of tool life the production engineer can plan the sequence 
of manufacture for the most efficient use of men, machines, 


and tools, 


iwesearch inte the problem of predicting tool life 





was undertaken for this thesis. 


A general review of the mechanical, thermal, and 
empirical analyses of metal cutting was made as a back~- 


ground to the problem of predicting tool life, 


A generalized solution to the problem of the 
relationship of the shear angle, rake angle, and friction 
angle was developed combining the solutions of Lee and 


Shaffer; and Shaw, Cook and Finnie into the formulae: 
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Where Zc shear angle;5 = friction angle; a, . rake angle; 
san angle of variable stuess near the tool point; 7’: 
the angle between the plane of maximum shear stress and 
the shear plane3 7: snormal suresg on the shear plane; 

C =shear stress on the shear plane. 

A review of past analyses and cxperiments in metal 
cutting reveal that the factors determining tool wear and 
tool life, that is, tool strength and hardness, workpiece 
hardness and crystallographic structure, workpiece strain 
hardening characteristics and retrystallization character= 
istics, weldability of tool and workpiece, are all directly 
influenced by temperature. The high sources of thermal 
energy in metal cutting: plastic strain at the shear plano 


and friction at the tcol face, point to the possibility 








ing the temperature at the interface of the 


tool and workpiece with tool life, 


Experiments were conducted using high speed steel 
tools containing 18 % tungsten, 4 % chromium, and 1 % 
vanadium on a nickel-chromium-molybdenum steel (S-96) 
in the turning cperation. Tool life, interface tenperature, 
and cutting force were measured for various feeds por 
revolution, cutting speeds, and side rake angles. 

Comparative tool life, interface temperature, and 
force measurements were thon taken for the same tools 


on a stronger nickel-chromium steel (DTD--331). 


The results indicate that, for a high speed stesol 
tool cutting high strength steel, for a siven tool shape, 
the interface temperature is a true index of tool life 
in minutes. That is, that a given temperature developed 
by various combinations of feed and speed determines the 
same tool life within the accuracy of temperature measure= 


MENTS o 


The temperature tool life in minutes relationship 
did not vary appreciably for different workpiece materials. 
However it must be recognized that the two workpiece 


materials tested were similar in composition and structure. 


The tool life temperature relationship yaried with 
tool shape indicating iower tool life for a given temper- 


ature with larger side rake angles, 





The interface tempsrature and the metal removed 
per tool life were related in such 4 way that: 

(1) There exists for a given temperature an optimum 
speed and feed for maximum metal removal. 

(2) A given temperature is reached in a higher 
strength steel at a lower speed than in the weaker steel, 
therefore, the material removed before failure is smaller, 
although tool life in minutes is the same. 

(3) Although, for a given temperature, tool life in 
minutes decreased with increasing side rake, the material 
removed before failure did not necessarily decrease, The 
cutting speed required to attain a giver temperature varied 
with the side rake angle. Twonty—five degrees side rate 
accomnodated the hisnest speed for a given temperature 
and peovided the greatest metal removal. 4n increase or 
decrease in side rake from twenty-five degrees resulted 
in a decreased speed and a decreased metal removal for 


& given temperature. 


The tool life tanperature relationship determined 
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for the twenty degree side rake angle Was 2°! “7: ys; 
where <4 + temperature in degree centigrade, and 7 = 


tool life in minutes, 


The nature of this function reveals the main drawback 
%o the adoption of interface temperature measurement for 


the prediction of tool life: any error in measure - 





ment of temperature will be raised to the fourteenth 
power in determining the corresponding tool life. The 
adoption of any facile temperature measurement method 
with an error of more than two per cent would result 
in tool life prediction errors in the order of thirtjy- 


two per cent. 


One of the main problems in aircraft production is 
the economical machining of the high strength steel 


alloys required in high performance aircraft. 


Most of the information required for the choice of 
optimm cutting conditions for these steels is obtained 


by experimental machining tests on them. 


Tests for this purpose were carried out on DID-331 
nickel-chromium steel with one inch end miils containing 


6 % tungsten, 5 % molybdenum, and 2 % vanadiun. 


The salient findings for this type of milling on 
DTD-331 are: 

(1) That macitmum tool. life at every rotational cutter 
speed occurs at 004 inches advance per tooth (.0013 inches 
maximum chip thickness). 

(2) That maximum metal removal before tool failure 
at every rotational cutter speed occurs at a table advance 


rate of 14 3/h inches per minute. 


The last finding is not discernable in any of the 


routine methods of plotting teol life data (such as cutting 


3 


a= ele 





— 


aa eli 


| 





os 
- so +> —— 
~— li ele 5 ea 
— > «+ aa scm Sa Lal? oe 
ae 
. 7 = 
- = = <= or 
—-aA a =a we” 
a ; rey = =. s 
- - _— = 
——- : - 
'?. 
; ; @ 
ss. 
a. - 
- 
in 
© 
a> 
' 








speed versus tool life), However, it becomes obvious 
when the metal removed per tool life is plotted against 
toot life in minutes. It is suggested that this type of 
pilot is the most effective means of presenting tool life 
data. 


Because of the expense in time, tools and material 
of investigations of this type to determine optimum 
cutting conditions for turning, milling, drilling etc., 
there is a recognized need for same means of using the 
results of say some simple turning tests to determine 
other machining characteristics such as milling 


characteristics. 


In order to determine the feasibility of relating 
turming life data with milling life data, comparative 
ning tests were conducted on DTD 351 with tool bits 


of the same canposition as the end milling cutter. 


A general formula vas derived for determining end 
milling cutting speed-tool. life curves From turning 
cutting specd=-tool aife curves of the form: 


co ee ed 


Veg dad torr 

where V. «milling cutting speed (peripheral speed of 
cutter),/ ,= milling tool life (equivalent continuous 
cutting time per tooth), :_=slope of cutting speed-tool 
life curve for tuming,~ =: feed, = turning cutting 


speed for one minute tool life, and x and y are exponents 





to be found for each particular case, For these 
particular tools cutting DID 331, x and y were found 


: 
to be— and — respectively, 
73" AP. 2 


In conducting experiments in machining where force 
measurements are taken on a tool of a particular shape, 
care must be taken to insure that the forces determined 
are those for the tool in the unworn condition. An 
investigation was made of the validity and necessity of 
a graphical method of determining the forces on an unworn 
tool. 

The method investigated was based upon the assumption 
that force measurenents cennot be taken for at least ten 
seconds after the start of a cut during which time 
appreciable wear has taken place. By plotting force versus 
wear and extrapolating to zero wear, a no wear force was 


obtained. 


If these conditions apply it was found that the 
graphical method of extrapolation 1s a valid means of 


determining the no=wear forces. 


However, it was found that accurate force measurements 
could be taken in two to threes seconds, before wear measurable 
by microscope or force increase had taken place. The 
measured force for no wear coincided with the sraphically 
determined value, within the accuracy of the force 
measurements, It was concluded that there is no apparent 


necessity for enploying a graphical method for determining 
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INTRODUCTION 


The problems that are considered in the research 
described in the following pages include the prediction 
of tool life for high speed steel tools, the determination 
of the end milling characteristics of nickei~chromiun 
steel DTD 331, and the investigation of a graphical method 


of determining tool forces for an umworn tool. 


The method of attack on the first problem consisted 
in an extensive reconnaissance into the fields of past 
research and analysis of the orthogonal cutting process, 
the process most ususelly investigated in a mechanical or 


thermal analysis of metal cutting, 


"Orthogonal cutting is defined as cutting by a tool 
having a plane face and a single straignt cutting edge, 
set perpendicular to the direction of relative motion of 
tool and workpiece, and generating a plane surface parsllel 
to the original plane surface of the workpiece." In other 
words, its analogous to scraping paint with a screwdriver 
with the edge held exactly normal to the direction cf 
motion, The turning operation with a straight edged single 
point tool held perpendicular to the workpicee with large 
depth of cut in relation to feed approximates orthogonal 


cutting, 








The findings of this reconnaissance are outlined 


in the historical sketch on the following pases, 


A generalized solution of the mechanical enalysis 
of the shear plane angle, friction angle, and rake angle 
relationship is then deyoloped. 


The actual approach to the problem of predicting 
tool life is made by experiment into the temperature 
tool life relationship. 


The determination of end milling characteristics 
ie through the measurement of tool life and metal removal 
for various cutter rotational speeds and rates of advance 


per tooth. 


The investigation into the graphical determination 
of the cutting forces on an unworn tool is by tool fores, 


time and coincident tool wear measurement and plotting. 
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HISTORICAL SKETCH 


Analysis of Merchant: 

The first light to penetrate the obscurity sur~ 
rounding the mechanics of metal cutting was turned on 
by Vaino Puspanan of Finland in 1937. Unfortunately for 
the English spealing world he reported what he saw in 
Finnish, and it was not until 1945 that Dr. Eugene Merchant 
found the same switch and illuminated the fundamental 
mechanics in an almost precise wmimowing duplication of 


Puspanan's reasoning. 


The findings of these two men in no way invalidated 
the excellent empirical laws formulated by F. W. Taylor 
and cthers. ‘they did, however, form the basis for ail 
subsequent advances in the fundamental seieatific theory 


of metal cutting. 


Briefly, kerchant reasoned that if a conbinuous 
unacceierating chip were to be separated fran thi work 
piece by a cutting tool then the forces on the chip 


imposed by the tool and workpiece must be in equilibriun. 


On these premises he built the classical graphical 
representation of the forces as shown in fig. 1. and 2, 
wnere the vector sum of N, the normal force of the tool 


on the chip and F, the friction force, should equal the 
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vector sums of P, the shear force and Fy the normal force 


on the shear plane. 


He further reasoned that the shear strength of the 
metal beins cut is a true constant, invariant with respect 
to the shear angle, 4. He further reasoned that the physical. 
propertiss governing the plastic behaviour of the work 
material determine what value “will assume, for any given 
values of friction angle,4 , and rake angle,cz. By applying 
the principle of minimum energy he reasoned that the angle 
J will assume a value to make the total work done in cutting 


per unit volume a minimum. 


Since the cutting speed ia considered constant, the 
conditions for minimua energy were obtained by setting 
the first derivative of cutting force, Fg, with respect to 


A equal to zero. That is (fig. 2) 


ee 4o 0 Sa (fox |) far g cost 1/8 - x ) (7) 
since {, is considered constant | 
a = Se p63 (fm ) | con coils (Bo x abel soak SolY off. re) (Z) 


aA rd LAS ‘w-/2 - o¢ ) — 
or ¢n8/2¢ + (S-x) = (3) 
ae" 2 = = 70" (4) 


Three major essumptions were made; 
(1) That the shear angle, 4, is independent of the 
friction angle, /- ° 


(2) That the shear stress is a constant maximum in 


Li, 
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the direction of the shear plane. 
(3) That the resultant force, R, is independent of 


the shear angle, 


Unfortumately none is exactly true and experimental 
results do not support Merchant's findings that 2g + i) ~~ 2 70° 


He of course was one of the first to become aware of 
this variance and to explain it he adopted some of 
Bridgnan's findings that shear stress varies with com= 
pressive stress in some linear manner as in fig. 3. That 


is, that f,= f2*+ © (=) 


Again using his graphical representation in fig. 2, 
it is evident that 
os = Va (2 ~G-x ) (6) 


substituting this in the equation (5) gives 


Gel el, taaly G- x ) 


rv > 
or f, 


ieee (‘Bma- x) | (3) 
By substituting this value for C. in formula (1) 


for cutting force one gets 


fi rf? oo A o ” ia 
Oe UE Vie be tgald +4-«)i gab cosl(Pra-x) th 


Again differentiating this with respect to zy and 


setting this equal to zero for minimum energy one gets 


that 

2 rg a8 ol = So aaa sa (Ex a) ec 
or 694 (2pn-S-x)e & Uy) 
oO Zir4-x- cor fa (42) 
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Merchant pointed out that this analysis does not 
take into account the effect on the constants @, and 
& of temperature, rate of sheer, or the effect of strain 


on the shear stress. 


In other words he assumed perfect plasticity, that 
is, that the change in shear strength for any change of 
a 


shear strain is zero 1.8. se uo -He » therefore, claimed 
+ 


this as only a first approximation. 
As he expscted, his analysis does not exactly explain 
experimental resulis, nor do experimental results confirm 


his analysis, 


An interesting indication of the impact of Merchant's 
analysis is that practically all subsequent investigations 
on the mechanics of metal cutting begin with a refutation 
of his assumptions: Chao and Bisacre (39); lee and Shaffer 
(36); Chao, Trigger and Zyletra (30); Shaw, Cook and 


Finnie (22) ; Drucker (10); Stabler (42), and others. 


They all agree thats 

(1) The theory of minimum energy is not necessarily 
observed by natural process, 

(2) The friction angle is not independent of the shear 
angle. 

(3) Although the normal stress on the shear plane 
could account for the capacity of the chin to withstand 


high strain rates without rupture, it does not induce 
| 


1” 





the high shear stress on the shear plane met in metal 


cutting » 


Several disputed that there is any relation between 
the slope of the shear stress versus normal stress curve 
for a material and the value of 2prg -2h in the cutting 
operation. Merchant maintained that there is a relation 


at high normal stresses. 


However, an interesting insight into this pronplien, 
even to the whole problem of the mechanics of metal 


cutting, might be gained by quoting Merchant: 


"The only methed which the present investigation 
offers for determining this constant © is initial cutting 
tests on the material with measurement of both forces 


and chip geometry." 


In other words if his constant C= 2/+/3-~is deter~ 
mined from metal cutting data it can be used thereafter 
as a first approximation for the value of 2f+4- in 
the cutting of that material. Merchant claims that this 
is in fact the arc cot of the shear stress normal stress 
curve for high stresses; but he admits it cannot bs proven 
by any separate test. and he offers machining data as the 


only source for determining it. 
Analysis of Shaws 


M. C. Shaw (7) attempted a direct extension to 


18 





Merchant's theory. 


He contended that the assumption of plasticity for 
metal cutting was in error, that the cutting stress 
strain relationship of the material is not wmlike that 
determined in a quasiestatic test, That, as a result of 
this, strain hardening during the chips passage througn 
the shear plane increases the shear strength of the chip 


to the values encountered in metal cutting. 


By the metallurgical theory of deformation along 
slip planes caused by an orderly array of weak spots, he 
obtained an expression for slip such that 


cad 


ie: = 
S=s= &@ S199 2 (/ F) 
& 


Where 5 slips a =a constant; e = strain; t = undeformed 


chip width. 


By adding this term to Merchants formula for shear 
strength (form. 5) he obtained the expression for shear 
strength 
Gotha e Ass Beko + Aa? 52% 6 

“< 


Where A = a constants; ha* was defined as a strain hardening 


constant of the material, 


Just as with Merchant's analysis good correlation is 
obtained if the value of the above censtants are obtained 


fron machining data. 


However, Similarly, the physical theory was incon< 


sistent with the observations of others, 
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some contend that the rate of strain in metal cutting, 
of the order of 103 to 106 per second, when compared with 
the velocity of strain propagation, is so large as to 
preclude any effect from strain hardening during shear 
(39). Shaw persists that slip or shear distortion, in 
effect, is strain hardening (30) and that no «ime is 
required, Therefore, strain hardening does take place 


during the interval of shearing strain. 


Others say that, although strain hardening does 
take place during shear, its effect is counteracted by 
an increase in temperature during shear, which reduces 
shear strength in about the same proportion, so that 


any strein hardening is ineffective. 


Whatever the explanation, there is agreement that 
the physical justification for Shaw's analysis is not 


demonstrable, 


Analysis of Lee and Shaffer: 
B. H, Lee and B. W. Shaffer took the next step of 
actually applying the principles of ideal plastic flovw 


to the problem of metal cutting. 


They assumed for the plasticity conditions that: 

(1) The work material behaves as an ideal plastic. 

(2} The shear plane is the plane of maximum shear 
stress. 

(3) That a uniform stress field exists in the vicinity 


af the tool point. 
20 





(4) That at some plane there will be zero stress. 

The boundary velocity conditions were: 

(1) The material ahead of the tool is rigid and at 
rest. 

(2) The tool is moving with uniform velocity. 


(3) The chip must leave the plastic region as a 
rigid body. 


The uniform stress field, depicted in figure 4 was 
represented by a single Mohr’s Circle stress diagram 


Pigs 5. 


With the maximum shear stress assumed at the shear 


plane, the plane of zero stress must be at an angle of 


45° fron the shear plane because of the double angle 


eharacteristics of Mohr's Circle. 


From the Mohr!’s Circle one seesthat 

ye Mam eo ° 

ae 

Fyrom the stress field it is evident that 


(aig winte on . iy 
‘ wo f/f. ee en. 


or 
se - io ; 5 ae 
However, from the Mohr's Gircsle it is noticed that 
this solution requires thats“ =, , that is that the 


ae 
normal stress equals the shear stress on the shear plane, 


a limitation which is not observed by machining stresses. 


in order to obtain a flexible relationship between 
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STRESS FIELD AT TOOL POINT 


figure i. 





MOHR'S CIRCLE DIAGRAM 


figure 5. 


el a 





the normal and shear stresses Lee and Shaffer introduced 

a field of varying stress, Maintaining that the shear plane 
was still se plane of maximm stress, they rotated the 
assumed constant stress area up through an angle, © , 
sufficient to give the required rationof normal stress 

to shear stress p- The physical justification for the 
introduction of this mathematical manipulation was, accore 
ding to Lee and Shaffer, a built up edge on the cutting 
point of the tool equal to the arc subtended by the angie 


7 


Consequently area ADB then became a field of varying 
stress having radial lines of constant maximum snear stress 
and circular ares of varying normal stress as in fig. 6. 

The normal stress varies according to the angle turned 
through. That is, for ary given angle, 4 , the normal 
stress veries an amount equal toz) 2 d, Therefore 3 each 
radial in the area ADB has a separate Mohr'’s Circle diage 
raa with the @’ axis displaced an amount equal to 2 CSE 


Ligo To 


The rigid region ABC is still in a state of uniform 
stress and can be represented by a single Mohr Girele 


diapram. 


From the Mohr’s Girele for the shear plane radial 


(fle. 7),3=29 it is evident that the value for the 


—- 


normal stress is Coa ( +26) P Se5 
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fimmre 7. 
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where om = the maxiaum shear stress, Sinco the snear sbress 
en the shear plane is asaimed equal to the maximum ahear stress, 
that is, 


tim Ce, a 


ene can see that, for the shear plane, 

wre 

Fa / 2g (Zo) 
wo 


& 
Fyrom fig. & 4% is evident that 


, 
G@=2 Ow + 4 ee 
Since from fig. 7, then 
ie Ase eet Ee) f SOT ee 
f Bi = ye) wp Se ( ce) 


wnieh is the Lee and Shaffer solution cf the relationship 
between the shear angle, buliteup edge angle, friction angle, 


and rake angle, 


The actual quanitities of the relationship are obtained by 
measuring the forces end shear angle or chip geometry Curing a 
cutting operation. Then by the use of @ Met's Cirele or 


equations 20 and 22 one cen scbbain values far & and : 


Although this enalysia affords better understmdaing of 
the metal cutting process, it dess not yield a means of or 
aicting the shear angle relationship from other than mensured 


metal cutting data, 


And, a3 in previous analyses, the physical bestia for their 


solution is inconsistent with the observations of others. 


£3 





Lee and Shaffer predict a builteup edge in mmy casos when 
nene can be found by careful photomicregreph (22), Tims they 
muat fall back ypon 2 theory of an “ideal cuilt-np sedge”, 


that is, one which isn't there, 


fneivsis of Shaw, Cook, aad Finnic: 
in order to overcome this irroguierity Shaw, Cook, aad 


Finnie (22) introduced a theory of effective hardness. 


They used the analysis of Lee and Shaxver to obtain 
rigid area of constant stress as in Figo 5. Whereas, lec and 
Shaffer maintained that the chear plane was a plane of maximum 
shear strees, Shaw, Cook and Finnie contended that this was 
not necessarily true, They contended that the shea plane 


wes some angle +" from the plane of maximum stress. 


They considered the entire region DEC in fig. @, including 
ene ares between the shear plane and the tool, face, to be 
rigid anc in @ state ef unifera stress, The rogion could then 
be represented by a single Mohr's Circle with*; “representing 
the angle between the shear plene and the plane of maximen 


stress, Fige 9. 


* 


physica. justifiestien for) “ang assumed te be the 


Lie § 
effeetive hardness of the chip, which was determined br the 
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shear angie. Their theery states that a Goergase in the 
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fienre 8. 





MOHR'S De DiAGRAM 


fircure 9. 








ngle increases the constraint, on the chip imerossing 








the effective hardness and causing a decrease in q : 
The relations are: 

From fig. 8 

ny 


From the Mohr's Circle, fig. 9 
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Therefore 


4) * we ~.. : : m 
ex 9 ad, =o 4 


" (27 
Aiss from fig. 
7 = 7 ; (2.2 _ 
‘eg ——_ es vin aac ) (26) 
and 
Gy te Pd , op - 
fg = Lim COS or ar (243 
etry f te SIM a aa — ‘ A 
oe ara eee ceed sree FRE 3H ¢ GS # ed ) ae 
eee 2 
1 = a #5 
Their theory of effective hardness was used to justity thre 
7 = 3 
relation between gf r7 and fe » They showed that a decrease ia 
$ : _ a é : 
@ decreaset, not only 4 aS stated, but aad e ‘thas 
Legge = . es) 
j - Py | = 37 Gk, ae nw! of 
y 


remoins in balance and is a true equation. 


The exact similarity between Lee and Shaffer's and this 
solution is noticed, The ratio of normal stress to shear isa 


only sligntiy differonct in the two seluticns. 
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And ence again actual. machining data mast oe relied upon 


to obtain the value of ® end Ss to find the final relationship. 


Cs 


Their centribution then is the introduction of another 
physical theory to explain the phenomenon of metal cubiing. 
Their theery of effective hardness is in accord with the knam 
affects of hardness. However there is no weens of tosting 
their theory or measuring “effective hardness" ouwcsids af che 


machining pretess. 


The lack of correlation between separate physical tests 
and observations and metal cutting analyses and data ijcad to 
the conclusion that a full understanding of the metal cutting 
will result in metal cutting becoming 42 recognized physical 
test to indicate physical properties which are not perceivabis 
cisewhere, For there is no ether way to distort metal at such 
snermeus strain retes without tremendous nd unlmown imertic 


forces, except by metal cutting. 


Themmal Anslysiss 


in addition to mechanical analysis mucn has been dene on 
the thermal analysis of metal cutting. It has been fornd by 
Epefenovy snc Rebinder that 99% ef the energy consumed by 
shear in metal cutting is transformed into thermal scnergy. (37). 


Frietion between tool and chip amd teol and workpiece add to 





this heat source, With the tool and workplace strengin end 
hardness directly dependent upon temperature one can ses the 


significance of tenperature in metal cuttine analysis. 


Woxon (8) was the first to attempt a rigid thermaal analysis. 
fis assumptions and conclusions heave been thoroughly refuted (17), 
However, it ls interssting to note that he reported dats in woaich 
the interface temperature varied with the square rect ef tne speed, 
This was later made theoretically predictable (43), although 
extremely difficult to denonstrate, because of the inconstancy of 
othes variables, such as thermal diffusivity, with temperatura. 
He also predicted that teol life would be some power function 
of temperature, This was further developed by Schellorssh, 
Schamann, and Wallichs (41), and forms part. of the practical 


research of this thesis. 


Bisacre and Hisasere were the first to enpioy raticenel dimen- 
sional enalysis to thermal analysis of metal cutting (38), Ina 
study of carbide cutting tools, ther introduced to metal cutting 
thermal analysis the hydrodynamical Reynolds number Ya in the 
form of LE » Where v = eubting speed, % = undeformed chip 


thickness, n* = Lhexmal diffusivity. 


Ches, Trigger and Zylistra (30) thea used this parancter, 
renamed thermal number, in an extensive study of the therno- 


physical aspects of metal cutting, 


a 











Their experimental. results indicated that for a given tecl 
rake angle the shear angle, the shear strain, end the tempera 
ture rise due to chip shear were all unigue functions of the 


thermal mnimbder. 


Cheo and Trigger (21) further developed the significance of 
this parameter by reporting exporimental data which indicated 
that the shear angle and epscific energy of metal renorval cen be 
expressed in terms of the thormuel mmber, Their findings were 
questioned because they assumed thet the therne. diffusivity 
wes constant with tenperature, which 1% is not. However, the 
Gegree of error ic not determinehie because af tne Jack of 
precise information concerning the variation of therma: conduc- 
tivity, snd specific heat over the range of temperatures 


encountered for the materials used. 


Hahn (23), Trigger and Cheo (27), and Loewen and Shaw (2,3) 
have all presented analytical solutions of the problem of 


vemperature determination in meatal cutting. 


Loswen and Shaw's is the latest. By msans of dinensiconsl. 


analysis end Blok’s heat cransfer tecimicne they derived an 


expression for the ise in tenpersiure: 
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wnere 


# mean tenperature at the interrdace.. 


% mean shear stress on the shear plane 


M 


o ® anbient workpiece tompeoratuxe 
J ® mechanical equivalent of heat 
B&B 


3 thermal conductivity of workpiece 


a 
ra 
99 


* = volume specific heat of workpiece 


@ average shear strain in chip 


& chip contact Length 


y 
oe a épePPicient of friction 
OB 
tog chip width 
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& constant 
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* & ratio of depth of cut to chip thickness 


G » shear angle 


Loewen ond Shaw ednuit the impessibiiiiy of verifying this 
relationnhiv because of the impossibility of helding all other 


yaraables censtant while investigating the arfect of ene. 


However, it gives a good indication of the variables con 
umibuting to high temperatures, Along this Line, it predicts 
the high temperatures met in machining titanium, beeause of 


the Low thermal diffusivity of tho metal. 








Empirical, Investigations: 


Kost of the important practical lews concerning metal cutting 


have been derived fron experimental data. 


Empirical laws and formulae were doveloped long boefare a 
valid mechanical analysis was made, The mejor part cf the 
research work in metal cutting now is concerned with finding 


enpirical relationships, 


One of the most important subjects of anpirical investigations 
and one of the most important considerations in the economics of 
metal cutting is a knowledge of the expected tool 1ife. Much 
theeretical and practical work has been dene in attempts to solve 
she preblem ef predicting tool life, fn interesting indication 
of the elusiveness of this probien is the number of physical face 
tors which have been investigeated in order to find anpirical 


epiteria.for predicting tool life. 


Eade Jonitaky (1) found that teol Life could not be related 
GO any one physical test. Howerer, he reported that he found 
the pabio of Brinell hardness to reduction in area was inversely 
related to Tayler spesd (the cutting apeed which dletates a tool 


iife of twenty minetes). 


OW. Boston (2) dewonstrated that the varying hardness of 
one steel, ebtained by varying heat treatments was inversely 
related to Taylor spesd, However, he denonstrated, as Jeniteky 
Gid, that Braneil hardness in itself is no predictable quantita- 


tive criterion. 





Colwell, Holmes and Rote roiterated that the relationship 


between Exinell hardness and tool life is poor, However, they 


1) 


reported gocd correlation between tool Life and Knoop herdacss, 
obtained by multiplying the percent of cach constituscnt by its 


hardness and then dividing the sum of such products by 100, 


Ammareller end Keslizer (18) also said that Brinell hartness 
is no index for avaeluating machinebility. They found thot mechan~ 


ical properties such as tensile strength, yield stress, aiengaticr. 


. 
and impact toughness provide no unequivocal evidence ceonscernins 
tool life. They did report an expenential relationship totwoon 
Faylor speed and shear strength ef the chip. They contended 


that this, coupled with a study of microstructure, is the best 


basis for predicting teol life, 


lapsiey, Grassi, and Thomsen (14), 1950, report that metal 
cutting data can be correlated with workplees tensile data and 
that tensile date offers 2 useful index to metal cutting, However, 
they later chenged their conclusions (24), 1953, by stating that 


ehe correlation of metal cutting with tonsile dats is doubtful. 


“LE ane conclusion can be draw frem these reports IF think it 


is that the microstructure of the material, aseaciated with the 


- 


hardness of each congtituent, 1s apparenuiy one basic ericerion 


for tool Life. 
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Yhe one classic eupirical relation fer motal cubting is 
of course the UT «= ¢ foruvils, where ¥ 8 cutting spsed, T 8 
teol life in minutes, hn 3 2 constant, dn the epder of about 
1/6, C & a constant, equal to the eutting speed for one minute 


tool iife. 


Others relating depth of cut, fead, spaed, power, etCo, 


e 


ave in every tool handbook. 


Loss woll known is the avolrical relation between effee- 
tive stress and effective strain developed by Lapsley, Grassi, 
ano. Thomsen in which 


, 2 ‘ a 0, 1.52 
Lf¥fective stress S 110x]0" (effective plastic strain) ~° ? 


In view of the ideal plasticity assumed for metal cutting, 

which would indicate an effective Meyer hardenabiiity number of 

a, it has been suggested that a rough estimate ef plastic strain 
may be obtained by exiranclating the initial slepe ef the regular 
streas strain curve to the ultimate tensile stress, (44 & 39), 
That is, tne plastic strain of metal cuvting is sometimes con 
sidered roughly equal to ultimate tensile sirength/Young's Modulus. 
This, when intreduced into the shove formula 29, will give en indi- 
cation of the effective stress te expect. Althougn, the above for= 
mula is of course intended for the more general use of predicting 


stress when the actual strain is known. 





Another factor which has been related to the problem of 
metal cutting is that of the deformation energy absorbed by 
the workpiece during metal cutting (24). It is contended that 
the work of deforming the workpiece may be a major portion of 
the total cutting work, The contention is supported by a serics 
of photomicrographs showing surface deformation on the workpiece. 
It is also contended, that this fact may account in part for the 
increase in energy per volume of metal removed for extremely 


small cuts, which is normally attributed to "size effect". 


"Size effect" is snother factor related to metal cutting. 
it is observed in other physical phenomena including the increase 
in tensile strength of specimens of small diameter, It is used 
%o explain the increase in energy per’. unit volume of metal renoved 
for extremely small cuts. One explanation of this phenomenon is 
that metals fail because of imperfections which cause stress con- 
centrations, The theoretical statistical Peabo ties of thexe 
being insufficient imperfections for expected failure in an 
extremeiy small cross section is large enough to account for the 


observed increase in strength. 


It, would appear that the number of factors which have been 
related to metal cutting support the contention that metal cutting 
is such a unique process that fully cerrelated analyses and cri- 
teria can be made only in terms of metal cutting data. The physi- 
cal factors involved are so numerous as to preclude explanation in 


terms of any one or two commonly accepted criteria. 
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GENERALIZED SOLUTION OF THE 


SHEAR ANGLE RELATIONSHIP 


If it is possibile to apply one criticiem to sli of the 
analyses of motal cutting, 1% would be that they all attempt 
an oversimplificstion of a very complex probien, Merchant, 
Lee and Shaffer, and Shaw, Cook and Finnie have ali. attenpted 
by 3 single physical phenomenon to explain the verlations 


encountered in metal cutting. 


By the imposition of their respective physical concepts 
they have restricted for thelr solutions the relationship of 
the shear angle, friction angle, and rake angle or the relew 


tion of the normal stress to the shear stress, a » oP both. 


For Merchent's original solution that 29 r fo ~a = Fo 
to be true it is evident from Merchant's diagrem, Figo 2, 
that the newaal stress must always ke related te the shear 
stress in euch a way that a = corgtor every material, Cen= 
sidering the largo number of variables which agfect motal 
cubting it would be surprising if this restriction applicd, 


which of course 4t does nos. 


His next approsch, that 7 = Rv-;,pemitted more Mere 
ibility in the relation of shear angle, friction angie, and 


rake engle by making them related to some constant C, unicque 
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for each material, that is, i¢ lesan C. However, this asswap- 
tion that C remained invariant was not correct and imposed a 
rigidity on his solution leading to lack of correlation between 
observed and caleulated quantities of ¢ —— o Although it 
afforded more rloxibility to the analytical relationship of ¢7 


to 0, when the expression for the relation 2 is written in the 


KOT 
eee : 
= = al rae } 
~~ ce 


it is evidems thab the ratio is restricted in that it is a 


function of the shear stress. 


The fact that the ectual values of (te 7 are not so 
restricted is evident from the error of Merchant's derived 
relationship 2g4€ “x8 C from the actual value obtained fron 


other méasured cutting values. 


Lee and Shaffer's adoption of the builteup edge to justify 


a variable stress field gave a relation of o tog, that is== 
‘gS, entirely independent of either veriable, and yisided 
a more flexible solution to the rsiationship of ¢ AG M8. ef 0 
However, in their analysis they imposed the restriction that 
the maximum shear stress always occurs 2% the sheer plene. 
This Led then to the encmalous position of maintaining that 

& built-up edge existed where none could be found. It would 


foliow then that the assumption that the shear plane is always 
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a plano of maximum shear stress is not always true, and that 
this assumption results in invalid solutions for “j and vis 
? 


at tines. 


Shaw, Cook and Finnie!'s theory of effective hardness alse 
yielded a relation of <7 toy ja var ( ok. xd sonpletcly 
independent of either wate. However , tne assumption that 
a uniform stress field always exists in the chip after sheer in 
the vicinity of the tool point, restricts the maximum valuc of 
normal stress, one to that of the maxima value of shear stress, 
that is, ie =) one o This condition does not necessarily spply 


at all times, particulariy when a built-up edge is present. 


it would be reasonable to say that the theories of Lee end 
Snaffer, and Shatr, Cook and Finnie ere complementary rather than 
contradictory, For a solution to the problem of shear angie 


» 


relationship can be derived free from the restrictions of both 


approaches yet incorporating the basic theories of both. 


This can be done by adopting Lee and Shaffer's assumption 
that a variable stress field containing radials of constant 
shear etress and arcs of varying normal stress exists in the 
chip after shear for a certain arc — when a built-up edge exits, 
Hewever, in deviation from their assumpticns, the shear stress 
on the shear plane is net assumed to be the maximua shear stress 


Valueo 
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This will allow adoption of Shaw, Ceek and Fannie's assump- 
tion that the shear plane or, when a built-up edge is present, 
the variable stress region,is at an angle % ‘from the plane of 


maximum shear stress, 
The angles © and 4 are zhowm in figure 10, 


Froa these two assumptions then the solution can be derived 
from figure 10 and the corresponding Mohr's Circle diagram in 


figure 12. 


The geometry of figure 10 indicates the angle relationship 


ha Gen! ++ < (30) 


Nohr's Circle of Meure 11 gives 
” = ES ~/S (31; 


20 that 
° f mes’ 

a ee ; (32) 
Ga SPOS 9 —/F te ok 
Proa figure Ji it is evident that, for the shear plane, 
Ge = nn foe FQ +L S199 Zn") (33) 
and 
ae =e, Gos 2 4 é (3k2 
therefore 
SF. $e 2B Sia Z2n' (35) 
& cs any" 


This velation provides complete independsnce ef al from (7 or 7" « 
it aiso resolves into the solutions of Lee and Shaffer, or Shaw, 


Cook and Finnie when appropriate. 
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That is, when y! = Q end the shear stress on the shear 
plane is in fact at the maxima value, the relationships are 
that 

PB 15° + Sf + O< 

and 

on 


as derived by Lee and Shaffer. 


When a built-up edge is not present, that is, @= 0, then 
fe % A) *y of + oh 


end 
cae LA SIN SG 5 #G j 
e G03 2 Oks #9) 


as derived by Shaw, Cook end Finnie. 


Most important, this solution accommodates the circuestances 
in betwaen these two extremes, that is, when a builteup edge is 
present but maximum shear doos nob occur at the shear plovs. 


Then the general reletionships derived thai 


: | 
& = 45° yt BoB tod, 
end 
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PREDICTION OF TOOL LIFE 


Introduction: 

"We are still far short of the goal of being able to predict 
the proper cutting speed for a given tool life for the machining 
of cast iron, steel, and other materials. Many of the factors 
which determine tool life are not thoroughly understood, and 1% 
appears likely thet there are others which have not even been 
discovered yet, There are sq many variables to be considered 
that the amount of work to be done seas almost) limitiess." 


Colwell, Holmes and Rete 1952 (Fh) 


The ultimate targets of all of the mechanical and thermal 
enalyses and investigations of the machining process are the 


faster, cheaper and more precise removal of metal. 


Amy one of these targets is more or less easily attained, 


The attainment of all three is difficult. 


One of the main considerations in the cost of machining is 
the life of the tools used = measured in time or wolume of metal 
removed before the tool no lenger euts as desired, This may be 


at complete breakdown or at the less of dimensional tolerarce, 


Hor cheaper machining, second only to the problem of actually 


prolonging tacl Life, is the problem of predicting teol life, 








Once a tool is formed its actual life is, for any one set of 
conditions, determined intrinsically. If the production engi- 
neer could know what the tool life is, he could plan the manu- 
facturing operation to get the most efficient use of men, 


machines, and tools. 


The complexity of the process of wear and tool failure 


indicates the size of this problem, 


There are generally recognized three types of tool failure, 
These are temperature failure, rupture failure, and failure froin 


gradual wear. 


Temperature failure denotes failure from an excessive ten- 
perature which has induced softness from recrystallization, 
annealing or incipient melting. The tool point fails to cut 


completely and is rubbed away by the workpiece. 


Rupture failure is induced by high forces on the tool, which 
break off chips from the hard but brittle tool cutting edge, The 
high forces which cause this failure are usuaily sharp and intere 
mittent, resulting from chatter or vibration. The forces of a2 
steady cut will not chip the tool usually, regardless of their 
magnitude. It is noticed that a small amount of chipping may 
contribute enough thermal energy to the tool edge to cause ulti- 


mate temperature failure. 
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Failure from gradual wear is the type most usually encoun- 
tered in commercial machining, For single point tools it means 
@ wearing down of the cutting edge on the clearance face of the 
tool. The surface which remains is called a wearland, Wear 
may also occur on the top face of the tool back from the cutting 


edge in the form of a crater. 


All of the wear on a tool results from two prccesses: 
(1.) the welding at points of contact of the tool and workpiece 
and the consequent immediate rupture of the weld either at the 
original line of weld, in the workpieca@ or in the tool; and (2) 
the ploughing of extremely hard particles in the workpiece matrix 


through points on the tool, 


The welding process is classified into: (1) temperature welds 
which eccur at temperatures above the recrystallization tempera 
ture of the workpiece and (2) pressure welds which occur below 


recrystallization temperatures. 


the temperature welds are usually weaker than either the work- 
piece or the took matrix. Consequently, they usually rupture at 
the original plane of juncture; although enough atoms of tool 
material are carried away with the chip after rupture to contri- 


bute to the wear rate of the tocol. 


Pressure welds form with less facility than temperature welds 


because at lower temperature the tool and workpiece are harder and 


Ld, 








less likely to adhere. However, when the pressure between the 
tool and workpicce is great enough to induce the plastic flow 
in the workpiece necessary to establish the close contact 
required for the weld, a weld is formed which is harder and 
stronger than the original workpiece matrix. This results from 


the strain hardening associated with the pressure weld. 


Because of the strength of the weld, rupture usually takes 
place in the workpiece, leaving the weld deposited on the tool 
in the form of a bilt-up edge, As the built-up edge grows it 
becomes less able to withstand the forces of cutting and pieces 
of it break off, Some pieces adhere to the chip and effect 
ploughing wear on the top tool face. Other pieces are imbedded 
in the workpiece and preduce ploughing wear on the tool on the 


following revolution of the workpiece, 


Ploughing wear may also result from extremely hard particles 
in the original matrix cf the workpiece. The alloying elements 
of vanadium, tungsten, chromium and molybdenum produce extremely 
hard carbides in steel which induce ploughing. For reducing this 
type of wear a metallographic structure of a minimum of widely 


spaced carbide particles is desirable, 


A conflict arises, however, for hardness of structure has 
une desirable affect of inhibiting pressure welding and the wear 
resulting frem it. Therefore, a structure ofoptimum balance 


between these two opposing affects 1s best, 
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There are other aspects in the relationship of workpiece 
structure to tool life, Nickel increases the hardness of steel 
which diminishes pressure welding, however, it also increases 
the tendency to strain harden which makes the welds and built-up 
edges which do form much stronger and more damaging, Hardness 
of workpiece matrix will increase the wear of the tool fran 
temperature welds, A soft matrix will increase the size and 
frequency of built-up edges, reducing machining accuracy. It is 
recognized eet in every case of machining there is an optimum 
workpiece crystallographic structure which minimizes the total 


adverse affects of ell of these opposing characteristics, 


Although the factors affecting wear are numerous, they are 
all related, and they are all functions of one variable: temp- 
erature. Toot hardness, workpiece hardness and structure, strain 


nardening, weiding are ail directly influenced by temperature, 


in view of this fact, and in view of the large sources of 
thermal heat in the cutting process (the plastic defermation at 
the shear plane, the friction at the tool), it is not surprising 
that interface temperature between the tool and workpiece is 


often considered a primary index of tool life (41). 


The nistorical research associated with this thesis indicated 


that. the correlation of tool life with interface temperature for 
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any one type of tool provided the best avenue for subsequent 
prediction of tool life for tools of the exact canposition md 
structure. That is, that by the measurement of interface ten- 
perature under any cutting conditions one could predict tool. 
life by a knowledge of the tool life associated with that ten- 
perature as determined by pilot experiments on tools of the 


same composition and structure, 


Several questions come to mind: 

it is commonly agreed that the temperature of a tool deter- 
Inines the hardness, strength end wear resistance of the tool, 
However, in the cutting operation, does the interface tenpera- 
ture not only determine the characteristics of the tool but 
also does it indicate the potential wear to which the tool is 


subjected? 


Will a tool subjected to a certain temperature at an arbi~ 
trary feed and speed have the same tool life when subjected to 
the same temperature at a higher feed but compensatingly Lower 


speed? 


Will a tool subjected to the same temperature in the cutting 


of difference workpiece materials have the same tool life? 


What affect dees tool shape have on the correlation of teol 


life with temperature? 
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Method of Test 


Equipment Used: 


The tools used were Dorklax high speed steel tools containing 
18% tungsten, 4% chromium, and 1% vanadium, having a Firth Brown 


diamond hardness of 946, and Brinell hardness of 712. 


The primary workpiece material was hot rolled nickel-chromiva~ 
molybdenum steel, S-96, having a Brinell hardness of 279, a Meyer 
hardenability index of 2.24 as determined on page (d) 2 of the 


appendix. 


The secondary workpiece material was hot rolled nickel-chromii 
steel DTD 331, having a Brinell hardness number of 402, and a Meyer 


hardenability index of 2.18. (47). 


The lathe used was a Martin lathe manufactured by Boehringer= 
Sturm-Getriebe D.R.P. and capable of variable speed from O to 1350 


revolutions per minute. It is depicted on page (c) 1 of the avpendix. 


Tool vertical forces were measured by means of a College of 
Aeronautics lathe tool dynamometer depicted on page (c) 3 of the 


appendix. 


The toolmakers microscope depicted on page (c) 4 of the appendix 


was used to measure the size of wearland, 





A Thermocouple as depicted on page (c) 1 of the appendix was 
used to measure interface temperature, It consisted of a circuit 
from the insulated tool to a milli-voltmeter, to the workpiece by 
means of a brush made of a chip of the workpiece material, through 


the interface between tool and workpiece to the tool, 





Test Procedure: 


The following test procedure was adopted in order to get 


values of tool life, interface temperature, and tool force, 


Tool life in most cases was the time to complete tool 
failure except in some instances of excessively long life. 
In these cases the wearland was measured by the toolmakers 
microscope and, since the wearland has been shown to vary 
linearly with time, the measured wearland and corresponding 
time were extrapolated linearly to obtain a time for .030 


inches of wearland, which was considered tool failure, 


All test cutting runs were made on the Martin lathe taking 
advantage of the infinitely variable speed control from 0 + 


1330 revolutions per minute to obtain constant speeds, 


A constant depth of cut of .100 inches was used with a 
constant nose radius of 1/32 inches, and a constent clearance 


engle of 6°. 


The cutting edge of the tool was held perpendicular to the 


workpiece at O° plan approach angle in all cases. 


Test cutting runs at at least four different. speeds were 
made, with measurement of interface temperature, tcol force, 
and tool life, using Dorkiax tools on S~96 steel, for each of 


the following conditions: 





—_, 





20° side rake angle, variable feed of ,0025, 








¥005, .010, .020 inches per revolution. 





Similar cutting runs were then made on DID 331 steel for 


the following conditions: : 





Constant 20° side rake angle, variable feed of .005,&.010 


Pee | ee lage 4 
inches per revolution, 


All tests were dry. 








Results and Discussions: 


The results of this investigation are tabulated and shown in 


appendix (a). 


Tool life versus cutting speed curves are shown for each of 


the conditions investigated. 


It is seen from the curve of tool life versus metal removal 
per tool life on page (a) 5 that, for a given speed, .005 inches 
feed per revolution consistently yields the highest metal removal 


before tool failure. 


It is also noticed from page (a) 3 that 25° side rake angle 


gives the best tool life-cutting speed characteristics. 


Page (a) 6 shows the curve of interface temperature versus 
tool life for constant 20° side rake angle at various feeds. The 
mean lines for each feed coincide, resulting in one tcol life 


interface tenperature curve of the forn 


) 

bs TAS 722 
where 4) = interface temperature in degrees centigrade and T = 
tool life in minutes. Since four feeds were tested, the consise- 
tent coincidence of each curve demonstrates that the decrease in 
life occasioned by an increase in feed is determined by the cor— 


responding increase in temperature. 
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The increase in temperature resulting from an increage in 
feed can be determined from the chart on page (a) 9 where inter- 


face temperature versus feed for constant cutting speeds is plotted. 


Although the interface temperature versus tool life curves for 
various feeds coincided, resulting in a single tool life for a given 
temperature, the metal removal before failure for that tool life 
varied with the feed. As shown on the chart on page (a) 10, for 
@ given temperature, and consequently given tool life, .020 inches 


feed per revolution will preduce the highest metal removal, 


This is explained by examining the charts on pages (a) & and 
(a) 9 of temperature versus cutting speed for constant feeds, and 
tenperature versus feed for constant speeds respectively, The 
first chart shows that temperature and speed are related so that 
u) 8 ov 457 
where C is a constant, and V is cutting speed, The second chart 
shows that. temperature and feed are related so that 
u) = xe 857 
where K is a constant and f is feed. 
It is evident that speed has 2 more stringent affect on tan-~ 


perature than feed. A determination of the decrease in speed neces~ 


sary to maintain a constant temperature for an increase in feed will 





illustrate this point, If the feed were doubled, say from .010 
— 
to .020 inches,the temperature would increase 2 &2/= 1.08 times. 


To counteract this change in temperature to maintain a constant 
, RES 
temperature the speed would have to be reduced only to (7 vn, 





ofl times its former value. Consequently, for a given tenperature, 
the most efficient conditions are at the maximum feed consistent 


with requirements of power, surface finish and other considerations. 


The chart on page (a) 11 shows interface temperature versus 
tool life for three side rake angles. For a given badderatuve, toot 


life decreases with increasing rake angle. 


The interface temperature versus cutting speed chart shows 
that 25° side rake angle accommodates the highest speed for a given 


temperature . 


It is interesting to note from the chart on page (a) 13 the 
small variance in metal removal per tool life for a given tempera~ 
ture for the various side rake angles, in spite of the divergence 
in the speeds for a given temperature. 25° side rake angle shows 


slightly greater metal removal for a given temperature, 


The results of the investigation of DTD 331 show that within 
the accuracy of temperature measurement the interface temperature 
versus tool life curve coincides with that for S-96 (chart Page 


(a) 15). 








There is of course divergence in the cutting speed and metal 
removal per tool life for DTD 331 and S-96 as shown on the charts 
on pages (a) 16 and (a) 17. DTD 331 shows lewer speeds and lower 


metal removal for a given temperature, 


Chart (a) 18 shows how interface tenperature and metal removal 
per tool life vary for constant speeds. For each speed there 


exists a temperature for maximum metal removal (604° C for 80 fpm). 


The interface temperature versus metal removal per tool life 
for constant feeds of ,.010 and .020 inches is shown on page (a) 19 
indicating temperatures for maximum metal removal of 545° and 555° 


C respectively. 
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Conclusions? 
The following conclusions appear justified: 


For a HSS tool cutting high strength steels the interface 


temperature is a true index of tool life. 


It is apparent from this that the interface temperature 
determines both the strength of a tool and the potential wear 


to which it is subjected. 


For a given temperature there is an optimum feed and speed 
for the maximum metal removal, Hegeuee of the nature of the 
temperature feed relationship w= Kf BShond temperature speed 
relationship &)® oy ,» the optimum condition is usually at 
the maximum feed possible, This does not apply at very low 


speeds where these relationships vary because of the excessive 


forces encountered. 


For a given feed there is a temperature for maximum metal 
removal per tool life. This temperature is not the same for 
every feed although it is a consistently low temperature cer- 
responding to the lowest practical speed before excessive forces 


incur deviation from the usual temperature tool life relationship. 


For a given speed there is an optimum temperature for maximum 
metal removal. The optimum temperature is not the same for each 


speed. For higher speeds the optimum temperature is higher, 
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The temperature tool life relationship for a given tool 
material varies with the tool shape, For a given temperature 
the tool life decreases with increasing rake angle. There is, 
however, a side rake angle inducing a maximm metal removal 


for a given temperature, in this case 25°. 


Although the experimental results show that tool life for 
a given tool and a certain workpiece could be predicted from 
measuring interface temperature and noting the corresponding 
tool life from data determined on another workpiece material, 
the nature of the tool life interface temperature relationship 
probably precludes the pract ical adoption of this procedure, 
in this case too]. life was inversely related to the fourteenth 
power of interface temperature, An error of two percent in 
temperature measurement would result in an error of 32% in tool 


life prediction, 


- This point is illustrated by these experimental results. 
For DTD 331, the temperature and tool life values determined 
the same curve as that for S-96, Yet if thé measured tempor~ 
ature values had been used to determine tool life from the S~96 


curve, errors of from 10 to 30 percent would have resulted, 


in some cases this order of accuracy may be satisfactory. 


In ail cases it should be recognized and considered, 
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MILLING CHARACTERISTICS OF DTD 332 


Introduction: 


Qne of the major problems of modern aircraft production is 
the efficient machining of the high strength steels necessary 


for high performance aircraft, 


In order to maintain production efficienty. the production 
engineer must ‘mow with reasonable accuracy the cutting charac- 
teristics and the optimum tool life conditions for the steel 


he is going to use. 


An investigation was undertaken for this purpose of deter- 
mining the end milling characteristics and optimum end milling 
tool life conditions of DTD 331 steel using a one inch diameter 


end mill. 


When the time and material are available, tests similar to 
this can be made for every new steel which is introduced. How= 
ever, this procedure is costly. There is a recognized need or 
desire for some means of using the results of say some simple 
turning tests to determine other machining characteristics such 


as milling, 


in order to test the feasibility of some direct measurable 


criterion for relating milling and turning tool life data for 
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{ vg e tests mores wed 
ls of the same composition as the milling cutter, 
= 
is investigation, for comparison with the tool 


lz ‘ta from the milling tests. 











Method of Test 


Equipment Used: 


The milling cutters were one inch diameter, five-toothed 
end milis of steel containing 6% tungsten, 5% molybden and 2% 
vanadium, having a helix angle of 30° and a radial rake angle 
of 15°, and having a Firth Brown diamond hardness of 716, and 


a Brine]l hardness of 600. 


Special Dormer tool bits of the same composition having a 
Firth Brown diamond hardness of 82/4 and Brinell hardness of 6'75 


were used for the turning tests, 


The workpiece material was nickel-chromium steel DID 331 


described previously. 


the lathe used was the Martin lathe used in the previous 


tests, 


The milling machine was a Loewe milling machine depicted on 


page (c)2 of the appendix, 
The tooimakers microscope was again used to measure wear. 
Test Procedure: 


otraight life tests were run on bars of DTD 331 using the 
one inch end milis at a constant .050 inch depth of cut and a 


constant ol inch width of cut. 
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Life tests at several difference peripheral speeds were made 
for the following advance rates per tooth: .003, .Q04, .006, .008, 
e011, .016 inches or maximum chip thickness of .001, .0013, .002, 


20028, 0036, .005 inches respectively, 


Life values were determined in all cases by measuring with 
the toolmakers.microscope the wear of each tooth, determining en 
average wear, and adjusting the measured time linearly to a time 


for an average wearland of .O02/, inches. 


Because of the aan hardening characteristics of DTD 3351 ic 
was found that usually uneven wear occurred. The part of the cut- 
ter cutting a work hardened surface (about .004 inches wide usually) 
wore much faster than the rest of the width of cut. The maximum 
weer incurred on any part of the tooth regardless of the shape of 


the remaincer of the weariend was the measured value in all cases. 


The turning tests were made on the Martin lathe using the 
Dormer tools with constant 1/32 inch nose radius, constant 6° 
clearance angle, constant 15° side rake angie, and constant 0° 


plan approach angle. 


Life tests were made at four speeds at each of .0025, 005, 


end .010 inches feed per revolution. 


Teol life was determined as time to failure or as the tine, 


adjusted linearly, for .024 inches wear, 


All tests were dry. 
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Results and Discussion: 
The results are tabulated and shown in appendix b. 


In all cases for milling, tool life 1s defined as the equiv~ 
alent continuous cutting time per tooth, Cutting speed in all 


cases is the peripheral speed of the cutter in feet per minute, 


The cutting speed tool life curves for constant maximum chip 
thicknesses are shown on pagebl of the appendix, It is evident 
that tool life falls off for a decrease in maximum chip thiclness 
below .001L3 inches or deerease in advance per tooth below ,00) 


inches, 


The real nature of the cutting speed, maximum chip thiclmess, 
and table advance relationships are brought out on pageb2 where 
tool life in minutes is plotted against metal removal per tool 
life per tooth, Lines of constant speed, constant maximum chip 


thickness, and constant table advance per minute are shown. 


It is evident that, for a constant spsed, maxinum tool life 
is obtained in all cases at a maximum chip thickness of 0013 
inthes. An increase or decrease in maximum chip thickness results 


in decreesed tool life. 


It is show clearly for every speed that maximum metal removal 


per tool life occurs at 14.75 inches per minute table advance. 


This fact is not indicated in the normal tool life cutting 


speed curves. While one would expect that for overy cutter 
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rotating speed there is an cptimum advance rate for maximun 
metal removal per tool life, it would not necessarily be 
expected that this would occur at one advance rate for every 
cutter speed. One would have expected, more likely, an opti- 


mum chip thickness or advance per tooth, 


The obviousness of the actual characteristics of the nil- 
ling data on this type of plot would seem to justify its adop- 


tion as the best means of showing tool life data. 


The tool life cutting speed curves for turning are shown 


on paged3. 


in order to find a correlation between turning data and 
milling data comparative plots of equal feed per revolution 
for turning and maximum chip thickness for milling were plotted 
for too]. life versus cutting speed (pageb). There is no sim- 


ple direct relation between the two, 


A Similar plot of metal removal per tool life versus cut- 
ting speed for equal chip thickness and speed was made for comn- 
parison. Again the milling curve is so far removed from the 


turning curve that simple direct comparison of data is impossible, 


Lool life versus cutting speed was plotted, pageb7, for con- 
stant feed per revolution for turning and equal advance per tooth 


for milling. Again there is no simple direct relationship. 





This lack of simple direct relationship between tool life 
for turning and tool life for milling for the same speed and 
feed or maximum chip thickness is not surprising when one cone 


Siders the different wear processes, 


The turning tool must withstand a constant high temperature 
at the interface. The pressure of the chip practically excludes 
all oxygen, so there is, effectively, no chance for a protective 
exide fiim to form. Continuous clean bare metal of the chip is 
rubbed against the clean tool. All of these conditions contri- 


bute to high wear rates, 


The milling cutting is not subjected to a continuous hign 
temperature, An individual tooth is subjected to cutting forces 


and tenperaturse for only about ,05 of the time for a revolution. 


Although tool life is determined as the equivalent continuous cutting 


tune,” the fact that the tool is cutting only a very short time 
continuously means that it will be at a much lower tenperature 
than equivalent feed and speed for turning. In addition to 
cooling the cutter, its exposure to the air affords the formation 


of a protective layer of oxide. 


On the other hand, the intermittent nature of a milling cut 
induces high wear particularly on a steel of the strength and 


hardness of DTD 331. 
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It would be coincidental if these different wear processes 
result in equal tool lives for milling and turning for similar 


conditions. 


It was found, however, that there was a consistent rela- 
tionship between the tool lives for milling and cutting for 


equal feed and speed, 


It was found that the cutting speeds for one minnie tool 
lives were related in such a way that Cer = C, » where C, = 
cutting speed for one minute tool life for turning, f = feed; 
y * constant exponent, and C, = cutting speed for one minute 
tool life for milling. From the plot of tool life versus cut- 
ting speed for 0025 inches feed (or maximum chip thickness), 


pagebs, it was found that (.0025)% ac or that y = oz 


G 


it was also found that the slopes of the tool life versus 
cutting speed curves for milling and turning were related so 


that Yen =n. where Rn, = slope for millint, n, = slope for 


§ 


Snel 


turning, f = feed, and x = constant exponent. Once again from 


pagebl, 
sed o—5 oV02 Ss aera 
5.6 gee) or xe a 


From this one plot of tool life versus cutting speed the 
constants could be found for determining the milling curve fron 


a known turning curve by the combined formula of the form 
a -X 


Wee 
ae Pee) aed 
Xv, tip ene wg fa f 
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wonich in this case was 
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In order to check the formula,the tool life cutting speed 
curve for turning for .005 inches feed was plotted. The slope 
was measured at n. ™ - D 
life equals 100 fpn. Substituting these in the formula gives 


The cutting speed for one minute tool 


wl. 4 


Uy |. 


An 7 = yoo l.00s)’ o 
er - 
soy 
e677 


This was plotted as shown on pagebl. The measured line for 
e005 inches maximum chip thickness was then plotted for compar- 
ison. ‘The difference between the measured and predicted lines 


is negligible, 
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Conclusions: 


The plot of tool life versus metal removal per tool life 
per tooth is evidently the best means of exhibiting milling 
characteristics. The best conditions for any criteria is inme~ 
diately evident, If maximum tool life is desired for any speed 
the appropriate chip thickness and table advance is easily 
determined. Similarly, conditions for maximum metal removal 


are evident. 


The data of these. tests indicate that their is no simple 
direct relationship between milling and turning cutting apeed 
tool life characteristics for equal feed and maximum chip thick- 


NESS 6 


However, if for a new material one milling test is run for 
one maximum chip thickness and a turning test is run for the 
same feed, the values of x and y in the following formula can 
be determined. They are constants for the work material and 
tool, Thereafter che milling cutting speed tool life curve can 
be determined from any given turning curve by applying the for- 


mula 


in this case, for DTD 331 and the tools used, 
wf. 
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INVESTIGATION INTO A GRAPHICAL TECHNIQUE 
OF DETERMINING NO-~WEAR TOOL FORCES 


Introduction: 


The paradox in metal cutting is that it is predominantly a 
shearing process yet it does not lend itself to analysis end 


explanation in terms of the imaowm shear strength tests. 


The forces involved are much higher than predicted by nor- 


mal stress strain relationships, 
There have been three main explanations for this paradox. 


The reasoning of Merchant and Shaw is that static shear tests 
with normal stresses imposed of magnitudes similiar to those of 
metal cutting and corrected for the effect of strain hardening 
would predict and ccount for the stresses and strains found in 


metal cutting. 


This explanation is eppesed by Colwell, Holmes, and Rote and 
others who contend that known shear tests with normal stresses 
imposed corrected for strain hardening do not account for the 
shear stress in metal cutting. They, and Merchant and Shaw admit, 
that it is impossible to duplicate the conditions of metal cutting 
by any other means than metal cutting, Their conclusion is that 


the high stresses and high strain rates of metal cutting in the 


69 








absence of inertia forces justify adopting metal cutting as a 


physical test and criterion in itself, 


A third approach has been that the measured cutting forces 
have been erroneously high and that when they are reduced by 
graphical extrapolation to nullify these errors, better correla~ 


tion with kmown data is obtained. 


One of these methods was put forward by Thomsen, Lapsley and 
Grassi (31). They contended that deformation of the workpiece 
contributed substantially to the forces of cutting, They found 
that for a constant speed and feed at small depths of cut the 
cutting forces caried linearly with the depth of cut. By plote 
ting cutting forces versus depth of cut, at depth of cut up to 
oOOL inches, and extrapolating the force depth curves linearly to 
zero depth of cut they obtained a zero depth of cut force. They 
contended that the zero depcoh of cut force is an approximate esti- 
mate of the force required to deform the workpiece and is not 
available for chip deformation, They concluded that it should be 


deducted from the measured force when analyzing the chip shear. 


Another method was put forward by Goddard who contended that 
"it is not possible to obtain force readings in less than ten 
seconds" and that by that time appreciable tool wear has taken 
place which would increase the measured forces. He found that 


by plotting force versus wear and extrapolating to zero wear a 
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lower expression for force was obtained which was put forward 


as a true value of the actual force for cutting, 


Since both of these methods result in lower forces for the 
cutting process, better correlation between analyses and static 
physical data is obtained, This in itself, however, is not 


justification for the adoption of the methods. 


It is recognized that when analyzing the cutting process for 
a tool of a givon shape the infiuence of tcol wear on measured 
forces must be Brite: An investigation was made therefore 
into the justification and necessity ef tne proposed graphical 


method of finding the force for no wear, 
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Tests were conducted on the Martin lathe using S—-58 carbide 


tipped tools in the latne dynamometer on DID 331 and 5-96. 


Five cutting tests on S-96 were made. Two were at .005 inches 
feed per revolution at 200 and 240 fect per minute cutting speed. 
Three were at .010 inches feed at 200, 240, and 300 feet per minute 


cutting speed. 


Three cutting tests were run on DTD 331 at a feed of .605 
inches per revolution and speeds of 200, 240 and 270 feet per 
minute. 


in é¢ach case force readings were taken immediately, within 


three seconds, and the tool was withdrerm and measured, 


The tool was re~inserted and the cut was continued for « 

total of 60 seconds at which time force measurements were recorded 
: 

and tool wear was measured, 

The tcol was re~inserted end the cut continued for an addi- 
tional three minutes, or total of four minutes, at which time force 


and weary measurement were agsin taken. 


The tool was re-~inserted and the cvt continued for a total of 
t@ minutes at which time force and wear measurements were again 


recorded, 


Resuits: 


The results are shown on the charts on the following two pages. 
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able wear at three seconds in any case. 


The charts on the following two pages show the original. 
force measurement encircled on the axis of zero wear. It is 
noticed that the original measured value of force and the value 
of force for no wear, obtained by oxtrapolating the line deter- 


oe 


mined by the other three points, coincide well within the accu- 





racy of the force readings. 


Conclusions: 


The limitation that the force reading could not be taken 


for at least ten seconds was not found to apply for these cuts. 


It was found that force readings could bo taken within three 
seconds béfore wear measuvable by microscope or force increase 


had taken place. 


The coincidence of extrapolated and measured forces at no 
wear indicate the validity of obtaining the no wear force by 
extrapolatior: if it is impossible to measure the force before 


finite wear occurs, 


However, there is no apparent necessity for relying on a 
graphical means of extrapolation to determine a quantity which 


can be measured directly, 
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CALIBRATION OF LATRS TOOL DYNAMCMETER: 
The dynamoneter was calibrated by applying known 
loads by means of the standard “ollege of seronautics 


calibration apparatus and noting the corresponding 


gauge readings. 
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CALIBRATION OF THERMOCOUPLES 


The thermocouple and millivolimeter circuit was calibrated 
by the standard method of immersing together the cutting tool 
and a chip of the workpiece in a lead bath whose temperature 
was continuously measured by a standard thermocouple and poten-~ 
tiometer. The voltage induced in the tool-workpiece circuit as 
measured by the millivoltmeter is then associated with the cor- 
responding measured temperature of the lead bath. This is the 
standard precedure as described in (44) and (9) and other ref- 
erences o 


(For DORKLAX tools). 
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